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Edited by Francesc PosasAbstract We identiﬁed a novel actin-modulating protein Stg1
in the ﬁssion yeast Schizosaccharomyces pombe. Stg1 is similar
to mammalian SM22/transgelin, and biochemical experiments
showed that Stg1 crosslinked F-actin. Microscopic observation
suggested that Stg1 was a component of actin patch. Overex-
pression of Stg1 caused a defect in cytokinesis by suppressing
the formation of a contractile ring and formation of abnormal
aggregates of F-actin in the ends and mid-region of cells.
Although distribution of the actin cytoskeleton was not aﬀected
by disrupting stg1+, genetic interaction suggested that Stg1
was likely involved in controlling the organization of the actin
cytoskeleton in cell morphogenesis and cytokinesis in ﬁssion
yeast.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The organization of the actin cytoskeleton is important for
various cellular events including cell morphogenesis, cell migra-
tion, and cytokinesis. Eukaryotic cells express various kinds of
proteins controlling the architecture and behavior of the actin
cytoskeleton. Calponin (CaP)was ﬁrst isolated from the smooth
muscle of chicken gizzard as a protein interacting with actin ﬁl-
aments (F-actin) and calmodulin [1]. It was then found that CaP
negatively regulates the interaction between F-actin andmyosin
II in in vitro motility assays [2]. In addition, it has been reported
that several variants of CaP are expressed and may be involved
in cytoskeletal organization in non-muscle cells [3]. CaP is gen-
erally considered to be composed of two diﬀerent domains; the
N-terminal half contains a calponin-homology domain
(CHD), and the C-terminus is three calponin repeats (CLR). It
has been demonstrated that CLR but not CHD is necessary
for the association of calponin with F-actin and its localization
in stress ﬁbers in ﬁbroblasts [4]. On the other hand, CHD is
widely conserved in several actin-binding proteins such as
ﬁmbrin and a-actinin, microtubule-binding protein EB1, and
proteins regulating cellular signaling including IQGAP and
Vav2 [5]. It has been revealed that CHD in ﬁmbrin, a-actinin,*Corresponding author. Fax: +81 29 853 6642.
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molecules [6,7]. Therefore, the CHD of CaP may be involved
in geometrically controlling the association of calponin to F-
actin or regulating the interaction of other actin-modulating
proteins or myosin II with F-actin.
It has been reported that CaP-like proteins truncating the
C-terminal to CLR are widely expressed from yeast to mamma-
lian cells. These proteins are vertebrate SM22/transgelin [8–10],
Drosophila melanogaster mp-20 [11], and the budding yeast
Saccharomyses cerevisiae Scp1p [12,13]. Transgelin is an ac-
tin-crosslinking protein whose expression is diminished in
oncogenically transformed cells and lymphocytes where stress
ﬁbers are reduced [10]. The Ras-signaling pathway is responsi-
ble for the repression of transgelin in tumor cells [14]. It has
been revealed that transgelin is the same protein as SM22,
which had been independently isolated as a smooth-muscle pro-
tein highly expressed in chicken gizzards [15]. On the other
hand, mp-20 has been characterized from the diﬀerential
screening of RNA whose expression is speciﬁcally repressed
in asynchronous oscillatory ﬂight muscles compared to other
muscles in D. melamogaster [10]. In addition, it has been dem-
onstrated that SM22/transgelin-like protein Scp1p functions
cooperatively with ﬁmbrin to stabilize and organize the actin
cytoskeleton in S. cerevisiae [11,12]. Interestingly, deletion of
the SCP1 gene leads to the reduced production of reactive oxy-
gen species and a high signiﬁcant increase in longevity, proba-
bly by increasing actin dynamics in the budding yeast [16].
Therefore, SM22/transgelin-family proteins seem to be in-
volved in controlling the organization of the actin cytoskeleton
in various biological aspects.
The ﬁssion yeast Schizosaccharomyces pombe serves as an
excellent model for studying the molecular mechanisms of the
organizationof the actin cytoskeleton [17].Here,we investigated
the role of SM22/transgelin-like protein Stg1 in controlling the
organization of the actin cytoskeleton in this organism.2. Materials and methods
2.1. Genetic techniques and DNA manipulation
Standard procedures for S. pombe genetics were performed as de-
scribed [18,19]. Complete medium YEA and minimum medium
EMM were used to grow S. pombe strains. Standard methods were
used for DNA manipulation [20].2.2. Gene disruption of stg1+
To disrupt stg1+, the gene was isolated from S. pombe genomic
DNA and ampliﬁed by PCR using oligonucleotides stg1SH (5 0-
gggagctcgttaaccaaaaagataaagtag-30) and stg1HS (5 0-ggcgtcgacgttaa-blished by Elsevier B.V. All rights reserved.
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length genomic stg1+ was inserted into the SalI–SacI region of pBlue-
scriptSK. We then replaced the AatII–XbaI region in this vector
pgstg1 with ura4+. This vector, pgstg1::ura4+, was digested with HpaI,
and used to transform a diploid constructed by mating JY741(hade6-
M216 leu1-32 ura4D18) and JY746(h+ade6-M210 leu1-32 ura4D18).
Correct integration was veriﬁed by Southern blotting.
2.3. Gene expression in ﬁssion yeast
Fission yeast expression vectors pREP1 [21] were used in this study.
The expression of exogenous gene is induced by removing thiamine
from the medium.
Full-length stg1+ cDNA was ampliﬁed using the oligonucleotides
stg1EN (5 0-cccgaattccatatgacgtctcaacttgaaaaag-3 0) and stg1HS. This
PCR product was digested with NdeI and SalI, and a 1.1-kb fragment
was ligated at the NdeI and SalI sites of pREP1. To examine the eﬀect
of the overexpression of Stg1 in S. pombe, leu1 (hleu1-32) or rlc1-GFP
(hleu1-32 rlc1+::GFP::Kmr) were transformed with plasmid
pREP1stg1 or pREP1. Transformants were grown in EMM without
thiamine at 30 C for 20 h, and processed to observe the actin cytoskel-
eton. The pYFP gene (Clontech Lab.) was inserted into theNdeI site of
pREP1stg1. Dstg1 (hleu1-32 ura4D18 stg1::ura4+) was transformed
with this plasmid. Transformants were grown in EMM with 1 lM thi-
amine at 25 C, and examined by ﬂuorescence microscopy at the expo-
nentially growing stage.
2.4. Microscopy
Cell staining with Bodipy-phallacidin, Rhodamine-phalloidin, DAPI
(Molecular Probes), or Calcoﬂuor (Sigma) was performed as described
[18,22]. Stained cells were viewed using a Zeiss Axioskop ﬂuorescence
microscope equipped with a Plan Neoﬂuar 100· lens and a CCD cam-
era ORCA II-ER-1394 (Hamamatsu Photonics) and were analyzed
with Aquacosmos software (Hamamatsu Photonics).Fig. 1. Stg1 is an SM22/transgelin-like protein in S. pombe. (A) Primary
melanogaster, Cpn-1 in C. elegans, and Scp1p in S. cerevisiae are compared
conserved two actin-binding sites, ABS1 and CLR (ABS2), are underlined
reversed or enclosed, respectively. (B) Stg1 crosslinks F-actin in vitro. Co-s
(4 lM) was performed. Arrowheads indicate bands corresponding to actin an
prepared in B. (D) Stg1 binds to F-actin with a low aﬃnity. Co-sedimentation
F-actin (3 lM) was performed (a). To calculate Kd value of Stg1 against F-a2.5. Biochemistry
Stg1 was expressed and puriﬁed using the Escherichia coli
expression system pGEX6P (Amersham Pharmacia Biotech.). After
full-length stg1+ cDNA was ampliﬁed using the oligonucleotides
stg1EN and stg1HS, the PCR product was inserted into the EcoRI
and SalI sites of pGEX6P. Puriﬁcation of GST-Stg1 and GST-tag
removal from Stg1 was performed according to the manufacturers
protocol.
Cosedimentation assay was performed by using actin derived from
rabbit back muscle as described previously [23] except that the KCl
concentration used was 40 mM instead of 100 mM. Equal amounts
of supernatant and pellets were separated by 15% SDS–PAGE and
stained with Coomassie brilliant blue R. Gels were scanned, and the
intensity of bands was determined with ImageJ software downloaded
from ‘‘http://rsb.info.nih.gov/ij/’’.
EM observation was performed as described [24].3. Results and discussion
3.1. Stg1 is a novel actin-crosslinking protein in ﬁssion yeast
SM22/transgelin is a transformation-sensitive actin-cross-
linking protein [9]. By searching for a similar gene in a data-
base of the S. pombe genome at the Sanger center, we found
one candidate, SPAC4F8.10c, and named this gene stg1+.
The open reading frame of stg1+ encodes 174 aa (Fig. 1A).
Stg1 was 19% identical to chicken SM22 (Gene Accession
No. NP990825), 26% to D. melanogaster mp20 (CAA68746),
20% to Caenorhabditis elegans Cpn-1 (AAF01687), and 27%
to the budding yeast Scp1p (YOR367w).structure of Stg1. SM22 (transgelin) in Gallus gallus, mp20 in D.
with Stg1. Consensus sequence is indicated above. CH domain and
. Amino acids conserved among all or more than three proteins are
edimentation assay of Stg1 (ﬁnal concentration at 1 lM) with F-actin
d Stg1. (C) EM observation of F-actin crosslinked by Stg1. Sample was
assay of Stg1 (ﬁnal concentration at 0.6, 3, 5.5, 7.5 and 11.25 lM) with
ctin, data was analyzed by Scatchard plot (b).
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ity, a cosedimentation assay with F-actin was performed. After
Stg1 and F-actin were mixed and incubated, the mixture was
centrifuged, and the supernatant and pellet were separated
by SDS–PAGE, respectively (Fig. 1B). Most of the actin was
precipitated by centrifugation at 100000 · g but not at
10000 · g in the absence of Stg1 (compare the amount of actin
in the high speed pellet (HP) with that in the low speed pellet
(LP)) while Stg1 was seen in the high-speed supernatant (HS)
when it was alone. On the other hand, it was found that the
amount of F-actin in LP was increased by incubating with
Stg1 and that some Stg1 was precipitated with F-actin
(Fig. 1B). Moreover, F-actin crosslinked by Stg1 was observed
by electron microscope (Fig. 1C). Therefore, Stg1 seemed to
crosslink F-actin in vitro. The eﬀect of Stg1 actin-crosslinking
was hardly seen in the presence of 100 mM KCl (data not
shown) suggesting that Stg1 is a weak actin-crosslinking pro-
tein as suggested in transgelin [9]. Coincidently, low-aﬃnity
binding of Stg1 to F-actin was revealed by a cosedimentation
assay (Fig. 1D). Scatchard plot analysis revealed that the dis-
sociation constant (Kd) was 4.4 lM which was higher than
the ones of S. cerevisiae Scp1p (0.7 lM) [12] or transgelin
(1.3 lM; this value was calculated from data published by
Shapland et al. [10]).
3.2. Stg1 is likely an actin patch component
Actin is organized into cortical patches at the growing ends
and longitudinal cables during interphase in S. pombe [22,25].
On the other hand, during cell division a medial contractile
ring is assembled and shrinks followed by the gathering
of actin patches around it. We then examined the cellular
association of Stg1 to the actin cytoskeleton by expressing a
YFP-fused protein. It was found that YFP-Stg1 accumulated
as cortical dots at the cell ends during interphase and a
mid-region during mitosis in Dstg1-cells expressing YFP-Stg1
(Fig. 2A(a)). Rhodamine-phalloidin staining revealed that
cortical dots of YFP-Stg1 were correspondence to actin
patches (Fig. 2B). The localization of Stg1 depends on F-actin
since no cortical dot of Stg1 was seen in cells treated with a
G-actin-sequestering substance, Latrunculin-A (Lat-A)
(Fig. 2A(c)). Therefore, Stg1 seems to be an actin patch com-
ponent in S. pombe.Fig. 2. Cellular localization of Stg1. (A) Stg1 forms cortical dots in cell ends
microscope were observed (a). Arrowheads and arrows indicate the accumula
Stg1 disappeared upon treatment with 1 lM Lat-A for 5 min (c) but not in co
F-actin. Cells shown in A were ﬁxed and processed for Rhodamine-phalloidin
actin patches in ends of an interphase cell (upper) and in a mid-region of a mi
nucleus in ﬁxed cells. Bars represent 5 lm.3.3. Excess amount of Stg1 inhibits formation of the contractile
ring
To study the function of Stg1 in S. pombe cells, we examined
the consequence of Stg1 overexpression from the strong nmt1
promoter. F-actin was observed at 20 h after the removal of
thiamine at 30 C. Control cells containing an empty plasmid
had cortical actin patches at the ends of interphase cells and
a contractile ring in the mid-region of mitotic cells (Fig. 3A,
left). On the other hand, F-actin aggregates were signiﬁcantly
observed in the ends (13%) and mid-region (34%) of cells over-
expressing Stg1 (Fig. 3B, middle). Moreover, cells containing
multiple nuclei were moderately increased by Stg1 overexpres-
sion: 31% and 3% of total cells overexpressing Stg1 contained
two and more than four nuclei in single cytoplasm while only
18% of binucleated cells was observed in the control. This re-
sult suggested that overexpressed Stg1 suppressed cytokinesis.
Rlc1 is a light chain of myosin II in S. pombe [26,27]. To inves-
tigate eﬀect of overexpressed Stg1 on behavior of a contractile
ring, rlc1-GFP strain was transformed with pREP1stg1. It was
found that F-actin aggregates contained Rlc1-GFP in cells
overexpressing Stg1 (Fig. 3B). Moreover, abnormal contrac-
tion of an Rlc1-GFP ring was observed in cells overexpressing
Stg1 (Fig. 3C). Therefore, it was suggested that overexpressed
Stg1 aﬀected on assembly or shrinkage of the contractile ring.
It has previously been reported that Fim1 overexpression
(ﬁmbrin) inhibits the turnover of actin and causes cytokine-
sis defects [23]. To examine the turnover rate of F-actin in
cells overexpressing Stg1, we performed an actin-depolymer-
ization assay using Lat-A [28]. The disappearance of F-actin
from cells treated with Lat-A is expected to reﬂect the rate
at which subunits dissociate from ﬁlaments in vivo since
Lat-A sequesters G-actin but does not directly depolymerize
F-actin. The addition of 1 lM Lat-A disrupted the whole F-
actin structure in cells overexpressing Stg1 within 5 min
(Fig. 3A, right). The disappearance rate of F-actin in the
cells did not diﬀer from that in wild-type cells as reported
previously [23]. Thus, the rate of actin turnover was unlikely
aﬀected by Stg1 overexpression. Two possibilities remained
to explain why excess amount of Stg1 aﬀects on cytokinesis:
One, Stg1 may interrupt the interaction of some actin-mod-
ulating proteins such as Rng2 (IQGAP) with F-actin in the
division site. This is supported by the ﬁnding that cells over-and division site. Dstg1-cells expressing YFP-Stg1 under a ﬂuorescence
tion of YFP-Stg1 at the cell ends and division site, respectively. YFP-
ntrol cells incubated with DMSO (b). (B) Co-localization of Stg1 with
staining. Note that cortical dots of YFP-Stg1 were correspondence to
totic cell (bottom). Artiﬁcial accumulation of YFP-Stg1 was detected in
Fig. 3. Overexpression of Stg1 suppresses cytokinesis. (A) Abnormal aggregates of F-actin were formed in Stg1-overexpressing (Stg1-OE) cells.
Wild-type cells carrying pREP1stg1 were incubated in EMM at 30 C for 20 h and were ﬁxed and stained with Bodipy-phallacidin and DAPI
(middle). Control cells contain empty vector (left). Lat-A treatment (right) was performed as indicated in Fig. 2. Arrowheads and arrows indicate the
abnormal accumulation of F-actin at the cell ends and division site, respectively. Large arrows indicate cells failing cytokinesis. (B) Stg1-OE inhibits
the assembly of the contractile ring. Rlc1-GFP cells carrying pREP1stg1 were incubated in EMM at 30 C for 20 h and were ﬁxed and stained with
Rhodamine-phalloidin (left). Arrows indicate colocalization of Rlc1GFP with aggregates of F-actin. (C) Behavior of a contractile ring in an Stg1-OE
cell. 3D time-lapse observation of Rlc1-GFP cells carrying pREP1 (left) or pREP1stg1 (right) incubated in EMM at 30 C for 20 h was shown. Note
that an Rlc1-GFP ring was asymmetrically contracted in an Stg1-OE cell (arrowheads) whereas symmetrically in a control cell. Bars represent 5 lm.
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contractile ring, which is similar to the phenotype of rng2
mutant cells in restrictive temperature [29]. Moreover, it
has been reported that IQGAP binds to F-actin through
the CH domain [7] and a competitive relationship is there-
fore possible between Stg1 and Rng2. Another possibility
is that Stg1 may aﬀect the interaction of myosin II with
F-actin in the contractile ring. It is well known that CaP
inhibits the interaction of actomyosin in vitro [2]. Coinci-
dently, it has been reported that myosin II is required for
ring assembly from F-actin accumulated in a division site
and for a proper contraction of a ring [30].
3.4. Stg1 may function to control the organization of the actin
cytoskeleton in vivo
Next, we explored the consequence of stg1+ disruption; how-
ever, no remarkable disturbance in the actin cytoskeleton was
observed in Dstg1-cells grown at 20–37 C (Fig. 4A, data not
shown). We then genetically studied the function of Stg1 in
the organization of the actin cytoskeleton by examining the
synthetic phenotype of double mutants between Dstg1 and mu-
tants in actin itself or actin-modulating proteins. It was found
that Dstg1-cells with cps8mutation had an abnormal cell shape
while each of the single mutant cells had a normal shape
(Fig. 4B). cps8 has been reported as a temperature-sensitive
mutation in actin, and F-actin in this mutant hardly binds
phalloidin [31]. We observed the distribution of F-actin in
cps8 Dstg1-cells by expressing Crn1-GFP, a marker protein
for actin patches. These cells had an abnormally organized ac-
tin cytoskeleton compared to each single mutant cell (Fig. 4B).
Therefore, Stg1 seemed to be involved in controlling the orga-nization and distribution of actin cytoskeleton in ﬁssion yeast.
In addition, some of cps8 Dstg1-cells showed a synthetic defect
in cytokinesis as shown in left two enlarged cells in Fig. 4B. It
has been reported that SIN-signal pathway including Cdc7
protein kinase ensures completion of cytokinesis in response
to perturbation of a contractile ring in S. pombe [32]. We then
investigated an eﬀect on cytokinesis by of stg1+ disruption in
cdc7–24mutant. It was found that cdc7 Dstg1-cells were unable
to grow at a semi-permissive temperature of cdc7-cells
(Fig. 4C(a)). Moreover, multi-nucleated phenotype was fre-
quently observed in cdc7Dstg1-cells (15%) as compared with
in cdc7- (2%) or Dstg1-cells (0%) at 28 C. This result suggested
that Stg1 may function in cytokinesis.
In addition to Stg1, ﬁssion yeast has several actin-crosslink-
ing proteins including Fim1, Ain1 (a-actinin), and Rng2, and
these proteins have a functional relationship in organizing
the actin cytoskeleton [23,29,33]. Fim1 has a genetic interac-
tion with PSTPIP-family protein Cdc15 [23]. Thus, we exam-
ined the genetic interaction of stg1+ with genes encoding
those proteins. However, no remarkable synthetic eﬀect was
found in growth and shape in Dﬁm1 Dstg1-, Dain1 Dstg1-,
rng2 Dstg1-, and cdc15 Dstg1-cells as compared with each par-
ent cell (data not shown). Moreover, mild Stg1 overexpression
did not rescue growth defects in Dﬁm1 Dain1-cells, rng2-, or
cdc15-mutant cells at a restrictive temperature (data not
shown). Therefore, Stg1 may function in a diﬀerent way to
those actin-crosslinking proteins in S. pombe. This result was
supported by the observation that Stg1 weakly crosslinks F-ac-
tin (this study) while Fim1 shows strong crosslinking [23]. Dif-
ferent extents of F-actin crosslinking may be required for
proper organization of the actin cytoskeleton in vivo.
Fig. 4. Stg1 is involved in controlling the organization of the actin cytoskeleton. (A) F-actin structures were normal in the absence of Stg1. Wild-type
(WT) and Dstg1-cells grown at 30 C in YEA were ﬁxed and stained with Bodipy-phallacidin (top) and DAPI (bottom). Arrows and arrowheads
indicate the contractile ring and actin patches, respectively. (B) Stg1 has a genetic interaction with actin. Each strain indicated in the panels was
observed by expressing Crn1-GFP. Cells were grown in EMM at 25 C. Arrows indicate abnormally shaped cells containing dispersed actin patches.
(C) Stg1 may be involved in cytokinesis. By combining cdc7-24 mutation, Dstg1-cells showed a defect in cell growth at 30 C (a). DAPI and
Calcoﬂuor-double staining showed that large multi-nucleated cells were produced in cdc7 Dstg1 (arrows) but not in each single mutant at 28 C (b).
Bars represent 5 lm.
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